Rod pathways are a parallel set of synaptic connections which enable night vision by relaying and processing rod photoreceptor light responses. We use dim light stimuli to isolate rod pathway contributions to downstream light responses then characterize these contributions in knockout mice lacking rod transducin-a (Tra), or certain pathway components associated with subsets of rod pathways. These comparisons reveal that rod pathway driven light sensitivity in retinal ganglion cells (RGCs) is entirely dependent on Tra, but partially independent of connexin 36 (Cx36) and rod bipolar cells. Pharmacological experiments show that rod pathway-driven and Cx36-independent RGC ON responses are also metabotropic glutamate receptor 6-dependent. To validate the RGC findings in awake, behaving animals we measured optokinetic reflexes (OKRs), which are sensitive to changes in ON pathways. Scotopic OKR contrast sensitivity was lost in Tra À/À mice, but indistinguishable from controls in Cx36 À/À and rod bipolar cell knockout mice. Mesopic OKRs were also altered in mutant mice: Tra À/À mice had decreased spatial acuity, rod BC knockouts had decreased sensitivity, and Cx36 À/À mice had increased sensitivity. These results provide compelling evidence against the complete Cx36 or rod BC dependence of night vision's ON component. Further, the findings suggest the parallel nature of rod pathways provides considerable redundancy to scotopic light sensitivity but distinct contributions to mesopic responses through complicated interactions with cone pathways.
Introduction
In the mammalian retina, three parallel rod pathways have been identified, each with an ON (depolarized by light onset) and OFF component (depolarized by light offset). In the primary pathway (Fig. 1A , red highlight) rod ON BCs drive AII amacrine cells (AIIACs) through sign preserving glutamatergic synapses (Kolb & Famiglietti, 1974; Pang et al., 2007; Strettoi, Dacheux, & Raviola, 1990 , 1994 Trexler, Li, & Massey, 2005) . Once in AIIACs, rod signals are transmitted through connexin-36 mediated gap junctions (Cx36) to cone ON BCs and through glycinergic synapses to cone OFF BCs and OFF retinal ganglion cells (RGCs) (Arman & Sampath, 2012; Ivanova, Muller, & Wassle, 2006) . The secondary rod pathway (Fig. 1A , purple highlight) shares rod signals with cones through Cx36 mediated gap junctions (Li, Verweij, Long, & Schnapf, 2012; O'Brien et al., 2012; Olson & Pugh, 1993; Raviola & Gilula, 1973) .
The tertiary pathway's OFF component (rod ? cone OFF BCs; Fig. 1A , yellow highlight), is established anatomically and physiologically (Hack, Peichl, & Brandstatter, 1999; Soucy, Wang, Nirenberg, Nathans, & Meister, 1998; Tsukamoto, Morigiwa, Ueda, & Sterling, 2001) . However, while the tertiary ON pathway (rods ? cone ON BCs; Fig. 1A , cyan highlight) has significant supporting evidence (Abd-El- Barr et al., 2009; Brown et al., 2011; Pang et al., 2010) it is also contra-indicated by the reported curtailing of rod pathway driven RGC ON responses in the absence of the http://dx.doi.org/10.1016/j.visres.2015.11.006 0042-6989/Ó 2016 Elsevier Ltd. All rights reserved.
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Cx36-dependent primary/secondary rod ON pathways (Deans, Volgyi, Goodenough, Bloomfield, & Paul, 2002; Volgyi, Deans, Paul, & Bloomfield, 2004) . Results in mouse RGCs therefore support the hypothesis that night vision is reliant on Cx36 synapses (Demb & Pugh, 2002) . In this project, we record from RGCs to test both this hypothesis' major support (that RGCs in Cx36 À/À mice lack high sensitivity ON responses) and from behaving mice to test its major prediction (that night vision is reliant on Cx36 synapses). Light sensitivities of dark adapted RGCs were measured using a multielectrode array (MEA) to compare their sensitivities and Cx36/rod BC independence to those of previously recorded BCs. RGCs whose rod pathway driven responses persisted in various rod pathway knockouts were tested for pharmacological consistency with rod ON pathway inputs to RGCs. Finally, mouse optokinetic reflexes, which have a known ON bipolar cell dependence (Iwakabe, Katsuura, Ishibashi, & Nakanishi, 1997) , were measured under both cone-and rod-dominated conditions to verify that the light sensitivity seen in RGCs is behaviorally relevant and consistent with the partial Cx36-independence of rod ON pathways. Finally, changes in knockout OKR contrast sensitivity and spatiotemporal tuning are contrasted and compared with different models of retinal synaptic processing.
Materials and methods

Ethical approval
Mice were cared for and handled following approved protocols from the Animal Care and Use Committee of Baylor College of Medicine and in compliance with the National Institutes of Health guidelines for the care and use of experimental animals.
Mouse strains
Three mutant strains were used: rod transducin-a knockouts (Tra À/À ) lack rod light responses ( Fig. 1A , dark blue) (Calvert et al., 2000) , basic helix loop helix b4 knockouts (Bhlhb4 À/À ) lack rod bipolar cells (Fig. 1A, orange) (Bramblett, Pennesi, Wu, & Tsai, 2004) , and connexin36 knockouts (Cx36 À/À ) lack rod-cone, AII AC-AII AC, AII AC-cone ON BC, (Fig. 1A , green resistors), and aRGC-aRGC electrical synapses (Deans et al., 2002) . Wildtype (WT) mice for MEA experiments were C57BL/6J from Jackson Laboratories (Bar Harbor, ME), aged between 9 and 16 weeks. The Bhlhb4 À/À strain has been backcrossed onto a C57BL/6 strain, while both the Tra À/À and Cx36 À/À strains are on mixed C57BL/6. C57Bl6/J was used as a WT control in MEA experiments, since it was found to be comparable to both hetero-and homozygotes of the Tra and Cx36 strains for spatially uniform light steps in dark adapted RGCs (not shown) and BCs (Abd-El- Barr et al., 2009) . Differences between background strains were found in OKR experiments so littermate homozygote controls were used in these experiments.
Results from both males and females are reported; no sexual asymmetry was detected.
Retina dissection
All mice were kept on a regular light/dark cycle and experiments were performed diurnally. Prior to sacrifice mice were dark Fig. 1 . Mouse retinal synaptic circuitry and RGC recording method -(A) While cone (C) information is carried by cone bipolar cells (BC) directly to ganglion cells (GCs), rod (R) information takes a more circuitous path through three rod pathways: the primary ON and OFF rod pathways (red), the secondary ON and OFF rod pathways (purple), the tertiary OFF rod pathway (yellow) and the hypothesized tertiary ON rod pathway (cyan). To separate rod pathways knockout mice lacking synaptic components associated with sets of rod pathways were used: rod transducin-a knockouts lack rod light responses (Tra À/À , blue), basic helix loop helix b4 knockouts lack rod bipolar cells (Bhlhb4 À/À , orange), and connexin 36 knockouts lack a set of electrical synapses (Cx36 À/À , green). Inputs to the cone OFF BC on the right of the figure are omitted for simplicity. (B) Raw spiking activity (left) was recorded in response to spatially uniform light steps. Spikes were sorted (above arrow) and verified as single units using refractory periods and electrical footprints (below arrow). The resultant spike times for individual RGCs were fit to a kinetics equation (right) to describe the dependence of RGC spiking on intensity (blue curve) and calculate fit derived metrics (green). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) adapted for at least 90 min. Eyes were removed and placed in a dish containing carboxygenated recording solution. Retinas were removed in infrared light with night vision scopes (Nitemare, BE Meyers, Oregon) and placed ganglion cell side onto nitrocellulose filter paper (0.45 lm HA, Millipore). Under dim red light the filter paper and retina were then transferred onto an electrode array and retained with a plastic ring.
MEA recording
Retinal preparations were supported on a heating block kept at 35.6C. Carboxygenated (95% O 2 , 5% CO 2 ) recording medium (in mM: NaCl, 124; KCl, 2.5; CaCl 2 , 2; MgCl 2 , 2; NaH 2 PO 4 , 1.25; NaHCO 3 , 26; and glucose, 22) at pH 7.35 (Tian & Copenhagen, 2003) was pre-warmed and perfused at a rate of 2 mL/min. A 60 electrode array (MEA-60, Multichannel Systems, Tübingen Germany) recorded action potentials from ganglion cells at 20 Khz.
Electrode spacing was either 100 lm or 200 lm and electrode diameters were 10 lm or 30 lm, respectively. A 0.1 Hz high pass hardware filter kept ganglion cell action potentials within the acquisition hardware's A/D window.
Light calibration
Light was measured as scotopic illuminance (E V , in scotopic lux) for array experiments and scotopic luminance (L V , in scotopic cd/m 2 ) for OKR experiments using a photometer (ILT1700, International Light Technologies). For array experiments the time-integrated, wavelength weighted photon density (Q ) of the 500 nm stimulus
where Dt is the stimulus duration (Lyubarsky, Daniele, & Pugh, 2004) . The photoisomerizations per stimulus (R ⁄ /rod) was then calculated as Q Ã s Ã a c , where the transmittance of the neural retina (s) was 0.86 (Alpern, Fulton, & Baker, 1987) , and the collecting area of a mouse rod (a c ) was 0.87 lm 2 (Lyubarsky et al., 2004) . For OKR experiments the photoisomerization rate of rods (R ⁄ /rod/s) was calculated as L V S pupil ðL V Þ Ã 161 where S pupil ðL V Þ is the mouse luminance dependent pupil diameter (Pennesi, Lyubarsky, & Pugh, 1998 ).
MEA stimulation
All MEA experiments used a spatially uniform light field that covered the entire retina and was activated in 1 s duration steps. The halogen light source (Carl Zeiss, Germany) was filtered as necessary with 500 nm band-pass and/or neutral density filters (Edmund Optics). Stimulus intensities were increased progressively, except in a subset of control experiments where they were interleaved. Each stimulus was typically repeated for at least 5 trials, separated by at least 20 s of darkness (longer for brighter intensities).
Single unit identification
Action potentials (Fig. 1B, left) were identified from voltage traces using a threshold of 2.5 standard deviations to include noise crossings against which isolatable clusters were distinguished (Mitra, Bokil, & NetLibrary Inc., 2008) . Array intra-electrode distances were large (100-200 lm) and duplicate units needed to be excluded rarely, consistent with expectations of a $30 lm space constant (Segev, Goodhouse, Puchalla, & Berry, 2004) . Peak centered waveforms from a channel were normalized by their root mean square (RMS) power (Fig. 1B, above arrow) and their principle components (PCs) calculated. Waveforms were automatically clustered based on RMS power and the first two PCs, and cluster isolation was verified by a human observer based on quantitative (Schmitzer-Torbert, Jackson, Henze, Harris, & Redish, 2005) and qualitative criteria.
Units were confirmed as including single neurons by autocorrelation and electrical footprinting (Fig. 1B, below arrow) . The percent contaminating spikes was estimated by dividing the firing rate in the refractory period, from 0.5 ms to 1.2 ms, by the total firing rate. All RGCs reported had less than %10 contamination and the majority (76%) had estimated contamination less than 3% (Uzzell & Chichilnisky, 2004) . The electrical footprint ensemble was the set of voltages on all channels other than the primary, where supra-threshold spiking was detected (Litke et al., 2004) . Electrical footprints contain spatiotemporal information relevant for distinguishing between individual spiking units (Segev et al., 2004) . We therefore confirmed that the PCs of the electrical footprint ensemble fell into a single cluster to verify single units in a stimulus agnostic manner.
The recorded neurons are unlikely to be displaced amacrine cells, which are reported to spike infrequently (Taschenberger & Grantyn, 1995) , with weak voltage gated sodium currents (Tian, Hwang, & Copenhagen, 1998) , and with low frequency waveforms. To independently confirm our findings represented RGCs, we used electrical footprinting to confirm the presence of RGC specific monopolar axons with spatiotemporal propagation to the optic nerve head (Fig. 3B, green) . This method had a high estimated false negative rate on our low density array with possible correlations to RGC subtypes, so it was not applied as an exclusion rule.
RGC intensity-response curves
Spikes in the pre-stimulus, stimulus, and post-stimulus phases were termed the RGC's spontaneous, ON and OFF spikes, respectively. Each phase was subdivided and the firing rate in each bin was determined by binning spikes across trials and dividing by the bin duration. The average of the bin firing rates within a phase is the phase's average firing rate. Negligibly few RGCs modulated their firing pattern but not their average firing rate, so RGC ON and OFF light responsiveness was determined by a 2 tail t-test (p < .001) between the average firing rates in the spontaneous and ON and OFF phases, respectively.
The activation ratio of ON and OFF light responses as a function of light intensity was fit by a Michaelis-Menten kinetics equation of the form R=R MAX ¼ 0:5½1 þ tanh 1:15Nðlog 10 I À log 10 rÞ where I is the intensity of the light stimulus, r is the intensity that gives half-maximal activation, and N is the slope (Thibos & Werblin, 1978) . Before curve fitting RGC ON and OFF firing rates were normalized by subtracting their respective spontaneous firing rates and dividing by the resulting peak firing rates. Regression was by least squares fit (Matlab, Mathworks) with neither r nor N constrained (Fig. 1B, right) . Only RGCs with a curve fit coefficient of determination greater than 0.7 were included in subsequent steps. A number of RGCs were better fit by multi-sigmoid models (by Akaike information criterion), however neither employing multisigmoid models nor using non-parametric measures altered the major findings of this study. From the sigmoid fit we define the cell's 5% activation intensity (r À 1:28=N), its 95% activation intensity (r þ 1:28=N), and its 5 ? 95% dynamic range (2:56=N) (Fig. 1B , right, green lines).
Testing for sensitivity clustering
To identify whether RGCs clustered into distinct groups based on light sensitivity we used a non-parametric and quantitative method (Silverman, 1981) employed previously in the mouse retina (Carcieri, Jacobs, & Nirenberg, 2003) . Briefly, a critical kernel bandwidth is identified as the minimum kernel bandwidth required to smooth the N experimental observations into a unimodal (having one local maximum) probability density estimate (PDE). The critical kernel bandwidth's PDE is the unimodal distribution which is the least unimodal in character that is still consistent with our observations. To test the hypothesis that our experimental observations were drawn from a unimodal underlying distribution, we used a bootstrap process to repeatedly draw sets of samples (containing the same number of observations as our experimental data) from the critical bandwidth PDE. Each bootstrap sample is smoothed with the critical bandwidth kernel, and the number of modes (local maximums) is counted. The percentage of bootstrap samples that are multimodal is an estimate, p, of the probability that the original distribution was unimodal. If p < .05 after many bootstrap iterations, then unimodality is rejected in favor of 2+ modes and the process is repeated by comparing bimodality with 3+ modes. Unimodality being implied by multimodal bootstrap results is likely counterintuitive. This relationship arises because the more unimodal the original observations the less smoothing they require to achieve a unimodal PDE, thereby reducing the smoothing applied to random bootstrap samples and increasing their expected modality.
OKR stimulation and analysis
Between experiments mice were kept in a dim room lit by the OKR apparatus. During experiments mice were placed on an elevated platform in a chamber with computer monitor walls and a mirrored floor and ceiling. Stimuli were gamma corrected and driven by PsychToolbox to create the illusion of a horizontally sinusoidal grayscale grating on a rotating virtual cylinder centered on the platform (Fig. 4A ). Ambient stimulus intensity was varied by covering monitors with stacks of neutral density filters.
An experiment consisted of 50 randomized trials, 25 rotating left and rotating 25 right. Because each eye responds selectively to stimuli moving in a temporal to nasal direction, the leftward and rightward trials were considered separate tests of each eye (Douglas et al., 2005 ). An observer monitored the mouse by camera and predicted stimulus direction by distinguishing the smooth tracking and fast saccadic phases of head movement similar to previously reported systems (Prusky, West, & Douglas, 2000) . The observer was blinded to the stimulus by filtering visible light from entering the camera and blocking display of stimulus properties in the user interface. Stimulus contrast was tracked and varied independently for each eye according to the w method (Kontsevich & Tyler, 1999) , an adaptive Bayesian experimental design approach. This method iteratively improves the probability distribution representing a set of possible models by choosing the contrast for the next stimulus contrast that maximizes the expected Shannon information (Bayesian D-optimality). The set of models for initial experiments included 60 possible thresholds (a) and 20 slopes (b) in decibel increments which predict probability of a correct response (w a;b ) as a function of stimulus contrast (x).
The false negative rate (d) was set to 6% for all three experimenters based on estimates from 100% contrast experiments in preliminary controls. The threshold contrast was defined as a, which corresponded to approximately w ¼ 0:72. Because it takes 250 trials to reliably converge the slope in optimal conditions (Kontsevich & Tyler, 1999) , slopes were determined in a subset of experiments to be b = 0.478 and constrained thereafter.
Initial prior distributions were uniform and the estimated contrast threshold we use is the expected value of a in the final prior distribution. Only experiments with at least 75% of the probability mass function within ±2 dB of this contrast threshold were included to avoid trials with elevated mouse inattention/ excitability ($15% of experiments excluded). At least 4 of these convergent measurements were taken for each subject at each stimulus condition. Stimulus intensities were recorded as contrast ¼ ðI max À I min Þ=ðI max þ I min Þ, where maximum (I max ) and minimum intensity (I min ) are in candelas/m 2 . Visual performance is then reported as contrast sensitivity (1=contrast). Genotype effects within an intensity were determined by a paired t-test, and spatiotemporal tuning and its genotype dependence were compared by a repeated measures ANOVA with GreenhouseGeisser sphericity correction (SPSS, IBM Corporation). All statistics were post hoc corrected using the Bonferroni method. Experimenter specific effects were present, but they did not materially alter our findings.
Results
Mouse RGC ON and OFF responses have a broad and continuous range of sensitivities
BCs in mice have diverse light sensitivities that are continuously distributed across a wide range of intensities (Pang et al., 2010) . We tested whether RGCs, a downstream target of BCs, share this continuous sensitivity distribution or if, as previously suggested (Volgyi et al., 2004) , they cluster into distinct ranges. Since the light sensitivities of RGCs shift with their light adaptation state, mice were fully dark-adapted for 90-110 min prior to experiments and dissection and recordings were performed under infrared illumination with night vision scopes. Spiking responses of 900 RGCs to 500 nm light steps of various intensities were measured and fit to a Michaelis-Menten kinetics equation (Fig. 1B) to characterize the intensity dependence of their activation to light onset (ON) and offset (OFF). Activation curves of individual RGC ON responses are plotted vs. light intensity in Fig. 2A , and grouped vertically with the population histograms of their curve fit derived 5% activation light intensities (red asterisk, Fig. 2Ai-iv) and the 5 ? 95% activation ranges of upstream retinal neurons (Fig. 2B) . In wild type mice, histograms of 5% activation intensities from both ON (Fig. 2Ai) and OFF (Fig. 2C ) responses ranged from 10 À1.5 R ⁄ /rod/s to 10 5.0 R ⁄ /rod/ s, consistent with previous reports (Volgyi et al., 2004) . The RGC population's distribution for fit derived light sensitivity properties (5%, 50%, and 95% activation intensities and 5 ? 95% dynamic range) was quantitatively assessed for the presence of clustering into distinct groups (Nirenberg & Meister, 1997) . No significant clustering of ON or OFF sensitivities was detected in either WT mice or any of the knockout strains (rod transducin-a knockouts (Tra
, and Bhlhb4 À/À , failed to reject unimodality at p < .05, post hoc corrected).
To further control for light adaptation and other inter-retinal variation, we performed the same clustering analysis within RGC populations recorded simultaneously from the same retina. None of the simultaneously recorded populations had significant clustering ( Fig. 2D ; failed to reject unimodality at p < .05 in n = 27 retinas with P10 RGCs). We conclude that RGCs recorded by an MEA are continuously distributed along the light intensity axis, reflecting the diverse mix of rod and cone inputs from upstream BCs.
Substantial fractions of RGC ON and OFF responses are driven by Cx36-and rod BC-independent rod pathways
Previous studies have shown that subsets of cone ON BCs receive rod inputs via Cx36-independent pathways (Abd-El- Barr et al., 2009; Pang et al., 2010) . This is inconsistent with the widely recognized notion that mammalian rod driven ON signals are mediated by only the primary and secondary rod ON pathways (Deans et al., 2002; Kolb & Famiglietti, 1974; Volgyi et al., 2004) . It is therefore important to identify whether such Cx36-and rod BC-independent signals reach the RGC level. In order to study rod pathway driven inputs to RGCs in isolation from cone inputs, we used dim light which efficiently activates rods but not cones. Based on previously reported sensitivities of mouse photoreceptors and BCs, we expected RGCs that are activated by light below 10 0.3 R ⁄ / rod/s (zone 1 in Fig. 2 ) to be predominantly rod driven, between 10 0.3 and 10 2.5 R ⁄ /rod/s (zone 2) to be mixed rod/cone driven, and The rod pathway specificity of zone 1 was then used to determine whether RGCs receive rod pathway information that is independent of Cx36 or rod BCs. The fraction of cells in zone 1 of Cx36 À/À and Bhlhb4 À/À (which lack rod BCs) mice were compared to Tra À/À mice (the negative control for rod activity). Significant numbers of RGCs with thresholds in zone 1 were found in both Cx36 À/À mice (n = 63, p = .0002 vs. Tra ; Fig. 2Aiv ), suggesting that roddriven inputs to significant fractions of RGCs are mediated by the hypothesized Cx36-and rod BC-independent tertiary rod pathway (rods ? cone ON BCs). RGCs with activation thresholds in zone 1 had very wide dynamic ranges, typically above 5 log 10 units, whereas RGCs with thresholds in zones 2 and 3 frequently had dynamic ranges below 2 log units (Fig. 2E) .
Unlike the normalcy of the observation rate of zone 1 RGCs in Cx36 À/À or Bhlhb4 À/À mice compared to controls, all three knockout strains differed significantly from controls in the ON and OFF light responsivity of their RGCs (Fig. 2Ai -iv, pie charts). All knockouts had a general loss of light responsivity with $6% more recorded RGCs without light responses ( Fig. 2Ai- Fig. 2Aiv , blue slice in pie chart). These results are more surprising than they may initially appear. Because rod pathways are carried to GCs via cone bipolar cells, it is straightforward to predict that in the absence of rod pathways the cone BCs should drive the cells with inputs of the same ON/OFF polarity, albeit with lower sensitivity. Further, our criterion for ON/OFF responsivity makes no distinction between rod and cone driven signals. Therefore, we would predict no shift in the ON/OFF responsivity in knockouts lacking rod pathways. The failure of this prediction suggests a more complicated scenario, where rod pathway inactivation somehow prevents cone responses from activating RGCs under uniform center and surround activation.
Our sampling of GCs is potentially biased toward some subsets and away from others because electrode arrays only record spiking neurons, skewing population statistics away from quiescent RGCs. On the positive side, the recorded units are representative of retinal output to central targets. Another factor that may influence our GC population comparisons is the possibility that the circuitry changes in the knockouts skews the GC population's composition during development. While we cannot exclude this possibility, little developmental alteration in the inner retina has been seen in previous characterizations of Tra À/À , Cx36
, and Bhlhb4 À/À mice (Bramblett et al., 2004; Pang et al., 2007) .
Pharmacology and electrical footprints are consistent with tertiary rod ON pathway inputs to RGCs
We next tested whether the Cx36 and rod BC independent RGC ON responses just reported were pharmacologically consistent with the tertiary ON pathway (rods ? cone ON BCs). While the tertiary rod ON pathway is the most direct channel capable of mediating the high sensitivity ON responses, they may also be driven by crossover signals from OFF pathways (Werblin, 2010 (Nirenberg & Meister, 1997; Tian & Copenhagen, 2003) , however the prevalence of displaced amacrine cells in the mouse ganglion cell layer (59% of neurons) (Jeon, Strettoi, & Masland, 1998) prescribes verification that findings are representative of RGCs. Therefore, to further distinguish RGCs from displaced ACs, we characterized axons of recorded neurons. While RGCs have monopolar axons with strong voltage gated currents located on the inner retinal face (adjacent to the MEA), axon bearing displaced ACs have weak voltage gated currents (Taschenberger & Grantyn, 1995; Tian et al., 1998) , laminate in the inner plexiform layer (further from the MEA), and are not typically monopolar (De Sevilla, Muller, Shelley, & Weiler, 2007) .
Axonal waveforms were identified by calculating unit electrical footprints on the MEA (the electrical activity on all channels in the peri-spike time window) and looking for the characteristic triphasic current source-sink-source pattern and spatiotemporal propagation away from the soma (Litke et al., 2004; Segev et al., 2004) . Fig. 3B shows a representative electrical footprint of a high sensitivity unit from Cx36 À/À mice (the unit from Fig. 3A ) where axonal waveforms (green) show the strong potentials and monopolar propagation from the soma (black) to the optic nerve head that are characteristic of RGCs. Fig. 3C shows the principal component analysis for this neuron's electrical footprint ensemble reveals a single cluster, confirming that a single population of waveforms with similar axon-bearing characteristics predominate the ensemble average in Fig. 3B . The pharmacology and electrical footprints support the conclusion that rod ON pathways drive ON responses in mouse RGCs independently of Cx36 and/or rod BCs. If this finding is accurate and representative of the in vivo state then ON pathway dependent night vision should also be partially independent of rod pathways utilizing Cx36 and rod BCs. To test this prediction we measured mouse behavioral night vision.
Mouse optokinetic reflexes (OKRs) can be used to isolate and characterize rod pathway function
Visually guided behavior was assessed using optokinetic reflexes (OKRs), which are involuntary muscular reactions for stabilizing visual scenes projected to the retina (Cohen, Matsuo, & Raphan, 1977) . Murine OKR muscular reflexes include an eye movement called the optokinetic nystagmus (OKN) and a head turning motion. Both OKNs and head turning have two phases: a smooth pursuit in the direction of motion, and a fast saccadic reset. Because these movements are easily elicited and monitored in an experimental setting, OKRs are an important laboratory tool for characterizing vision in awake, behaving animals. Consequently, OKRs have proven utility for probing retinal visual processing such as chromatic sensitivity (Cahill & Nathans, 2008) , luminal sensitivity (Umino, Solessio, & Barlow, 2008) , and rod pathway function (Iwakabe et al., 1997) .
Our custom-made OKR apparatus (see Methods section and Fig. 4A ) gave contrast sensitivity functions that were similar to those reported previously, with a few important differences. Our mesopic OKRs had iso-speed tuning curves that were consistent with past reports of photopic OKRs in C57Bl6/J mice (spatial frequency tuning of 0.1 cyc/deg at a speed of 45 deg/s, Fig. 5A, left) . On the other hand, our iso-spatial frequency tuning was generally >40 deg/s at 0.1 cyc/deg (Fig. 5a, right) which is markedly higher than the $15 deg/s expected from the previous report (Umino et al., 2008) . The peak contrast sensitivity we observed is 13.3 (Fig. 4B) , slightly below the Umino et al. report which also used a two-alternative forced choice protocol but set a lower contrast threshold criterion (70% vs. our 72%).
By placing neutral density in the light path our OKR apparatus is able to determine contrast sensitivity functions in a range of ambient light levels from rod-dominated to cone-dominated vision (scotopic and mesopic OKR, respectively). OKR contrast sensitivity reduced with decreasing stimulus intensity in a generally monotonic fashion (Fig. 4B ) and, consistent with rod pathways exchanging spatial acuity for sensitivity, spatiotemporal tuning shifted to low spatial frequencies in dim light (p < .001, Fig. 4C ). We again used dim light to isolate rod pathways.
Scotopic OKR experiments were performed by filtering the stimulation monitors to achieve an ambient light level of $0.1 R ⁄ /rod/s, which was maintained both during and between stimuli. To confirm that cones were inactive at our scotopic intensity we compared Tra À/À mice to a control strain (Tra +/+ ). Whereas control mice had strong scotopic OKRs (Fig. 5A, gray) , Tra À/À mice (pale red) were indistinguishable from baseline (dotted black, randomized trials) confirming that our scotopic condition is dominated by rod pathway inputs. While the presence of ambient light in the scotopic OKR stimuli restricts comparisons to our scotopic MEA and OKR results, they nonetheless provide a useful assessment of rod pathway driven vision. Mesopic OKRs strongly activated M-cones and had an ambient light level ($85 R ⁄ /rod/s) that partially suppressed rod activity (Pugh, Nikonov, & Lamb, 1999; Silva, Hetling, & Pepperberg, 2001 ).
Rod driven OKRs persist in the absence of Cx36 or rod BCs
In the absence of ON responses OKR sensitivity is greatly reduced, but not abolished (Masu et al., 1995; Sugita, Miura, Araki, Furukawa, & Kawano, 2013) . Scotopic OKRs with sensitivities anywhere near the normal range were therefore attributed to rod driven ON responses. We found that the scotopic OKRs in Bhlhb4 À/À and Cx36 À/À mice are statistically indistinguishable from control mice (p = .33 and p = 1.0, post hoc adjusted), suggesting their sensitivity and spatiotemporal tuning are unchanged ( Fig. 5B and C, gray and pale red lines). These scotopic OKR findings are consistent with the high sensitivity RGC results in the last section, indicating the RGC responses we reported are present in vivo and behaviorally relevant. In contrast to the scotopic OKRs, we found that the mesopic OKRs in Bhlhb4 À/À and Cx36 À/À mice are significantly shifted from control mice in opposite directions ( Fig. 5B and C, red and black lines, p < .001 for both), suggesting that rod BCs and Cx36 gap junctions play important and distinct roles in cone-driven optokinetic reflexes (see below).
Correlations between changes in OKR tuning and changes in retinal function
At mesopic ambient light levels, Tra À/À mice OKRs were tuned to lower spatial frequencies (Fig. 5A , black and red; p = .029) than control mice but the peak contrast sensitivity was unchanged. On the other hand, mesopic OKR contrast sensitivity in Bhlhb4
was significantly lower than in control mice whereas in Cx36 À/À mice it was elevated ( Fig. 5B and C, black and red curves), indicating that the primary and secondary rod pathways in the retina are involved in regulating cone contrast sensitivity at this light range.
Possible mechanisms of such retinal regulation of cone visual behavior are given in the Discussion section.
Discussion
In this study we used two different methods to measure visual function in three knockouts where specific components of the rod pathways are perturbed. We find that a Cx36-and rod BCindependent rod ON pathway is capable of driving both RGC light responses in the retina and visually guided behavior in awake animals. Our results show that parallelism in rod pathways provides significant redundancy preventing the loss of certain components, such as Cx36 gap junctions or rod BCs, from completely abolishing night vision. Furthermore, the knockout-specific patterns of alteration in mesopic visually guided behavior suggest differences in how the individual rod and cone pathways interact.
Evidence for the tertiary ON rod pathway inputs to RGCs
In the mammalian retina, it is has been unclear whether the tertiary rod ON pathway (rods ? cone ON BCs) contributes to ON RGC light responses. This question has been studied previously using Cx36 À/À mutant mice (Abd-El- Barr et al., 2009; Brown et al., 2011; Deans et al., 2002) because Cx36 gap junctions mediate both the AIIAC-cone ON BC synapse of the primary ON pathway and the rod-cone coupling of the secondary pathways (Fig. 1A) . Thus, any high sensitivity (and therefore rod driven) ON responses in Cx36
À/À mice must be mediated by a different rod ON pathway, most likely the tertiary ON pathway (rod ? cone ON BCs) which have been observed in electron micrographs (Tsukamoto et al., 2007) and mirror the tertiary OFF pathway (rods ? cone OFF BCs). We report that RGCs recorded with a MEA had numerous high sensitivity ON RGCs in both Bhlhb4 À/À (lacking rod BCs) and Cx36 À/À mutants ( Fig. 2A ) consistent with the tertiary ON pathway. Therefore, we conclude that rods make direct connections onto DBC C2 type BCs (Pang et al., 2010) which then connect to ON RGCs likely including the direction selective subtype that are hypothesized to drive OKRs (Oyster, Takahashi, & Collewijn, 1972) . Interestingly, while these high sensitivity ON responses were reported both upstream in cone ON BCs and downstream in the
LGN of Cx36 À/À mice (Brown et al., 2011; Pang et al., 2010) , they
were not observed in previous RGC recordings using single tungsten electrodes (Deans et al., 2002; Volgyi et al., 2004) . Since we analyzed the same strain of Cx36 À/À mice used in these studies, the most likely explanation for the discrepancy is methodological differences. These differences include the recording method (MEA vs. single tungsten electrodes), adaptation state and recording conditions (degrees of dark adaptation), the way data was analyzed (e.g. our allowance for different dynamic ranges), and experimenter sampling bias. Since mouse retinal ganglion cells are a heterogenous population (Volgyi, Chheda, & Bloomfield, 2009 ) it is likely that there were differences in the selective sampling of our planar array and their single tungsten electrode. Future studies on other RGC physiological parameters, such as receptive field properties, may help to distinguish rod pathway contributions to different fundamental RGC subtypes and resolve this discrepancy.
RGC response sensitivities are broadly and continuously distributed
Previous reports indicated that RGCs form discrete clusters along the light sensitivity axis, suggesting that specific functional types of RGCs are driven by distinct synaptic pathways (Volgyi et al., 2004) . Contrary to this suggestion, we found that RGC ON and OFF light sensitivities were drawn from a continuous underlying distribution ( Fig. 2A, C, and D) . Several factors may contribute to this discrepancy, most notably the quantitative nature of our clustering analysis and the methodological differences described previously.
The finding that RGC activation curves are continuously distributed is consistent with previous reports which found activation curves (V-log Intensity) of BCs were heterogenous (Pang et al., 2010 (Pang et al., , 2012 . Significant processing in the BC ? RGC synapses would be required to transform this diverse set of presynaptic BC inputs into homogenous RGC activation curves. Our work shows that such synaptic processing is not the general rule, although it may exist in specific RGC subtypes.
Evidence for tertiary rod ON pathway driven night vision (scotopic OKRs)
The results in Fig. 5 (Bramblett et al., 2004) and rod-cone, AIIAC-AIIAC and AIIAC-cone ON BC electrical coupling is disrupted in Cx36 À/À mice (Deans et al., 2002) , our results suggest that roddriven OKRs persist in the absence of the primary and secondary rod pathways. In particular the known ON BC dependence of OKRs (Iwakabe et al., 1997) implies that the tertiary rod pathway is involved in mediating these scotopic OKRs. Taken together with the high-sensitivity RGC ON responses observed in the Cx36
and Bhlhb4 À/À mice ( Fig. 2Aiii and iv) , our scotopic OKR data indicate that the tertiary rod pathways play a significant role in mediating rod inputs to RGCs and scotopic vision in awake animals.
Possible retinal mechanisms underlying changes in mesopic OKRs in knockout mice
Based on their OKR contrast sensitivity functions and projections, ON direction selective RGCs are hypothesized to drive the OKR (Oyster et al., 1972) . However, further processing by neurons and synaptic pathways in the central visual areas means the information contained in OKR measurements is not necessarily retinal derived. Further, since our knockouts are not targeted to the retina, genotype derived OKR changes may also have a non-retinal origin. Specifically, Cx36 is present in the inferior olive (Lein et al., 2007) which receives input from the nucleus of the optic tract, the principal afferent nucleus mediating OKR activity (Collewijn, 1975; Hoffmann & Fischer, 2001) . When analyzing scotopic OKRs we overcame these challenges by comparing to a known retinal information source (RGCs) and focusing on the presence of high sensitivity responses which are unlikely to be recovered by central processing. Since similar comparisons are limited for OKR mesopic sensitivity and mesopic/scotopic spatiotemporal dependence, we instead ask whether OKR changes in knockouts are consistent with an origin in the retina or central visual areas.
The mesopic OKRs of Tra À/À mice shown in Fig. 5 were tuned to significantly lower spatial frequencies (poorer spatial acuity) than in control mice. One possible explanation is that, because the lack of rod light responses keeps the membrane potential of Tra À/À rods at a relatively depolarized level and AII ACs at a relatively hyperpolarized level, the potential differences between rods and cones and between cone ON BCs and AII ACs in mesopic light are larger than those in control mice. Consequently, additional light-evoked mesopic signals in cones and cone ON BCs may spread to adjacent rods and AII ACs resulting in lower spatial resolution of the cone ? cone ON BC signaling pathway. Unlike OKR spatiotemporal tuning the peak OKR contrast sensitivity in Tra À/À mice remained unchanged, suggesting that the absence of rod responses does not significantly affect the absolute sensitivity of the cone-driven pathways responsible for mesopic OKRs. Our results also show that, relative to control mice, the mesopic OKR contrast sensitivity is significantly lower in Bhlhb4 À/À mice.
Bhlhb4
À/À mice lack all rod BCs, including a class of mixed rod BCs which receive direct input not only from rods but also cones (DBC R2 s) (Pang et al., 2010) . Deletion of these mixed rod ON BC driven cone pathways in Bhlhb4 À/À mice may explain why mesopic OKR contrast sensitivity is decreased in Bhlhb4 À/À mice but not Tra À/À mice. Moreover, it suggests another possible mechanism for the mesopic OKR spatial acuity reduction in Tra À/À mice: relatively hyperpolarized mixed rod BCs may be more sensitive to direct cone input which would then spread spatially through divergent rod ? AII AC connections (Sterling, Freed, & Smith, 1988) and the highly coupled AII AC network. In Cx36 À/À mice, gap junctions between rods and cones, between cone DBCs and AIIACs, and between many retinal ganglion cells (Pan, Paul, Bloomfield, & Volgyi, 2010; Schubert et al., 2005) are absent. This should increase the input impedance of these cells and, assuming non-zero potential gradients between cells in control mice, may increase the strength of cone light responses in cones and cone DBCs by reducing spread to adjacent cells. While the increase in Cx36 À/À mice contrast sensitivity shown in Fig. 5 is consistent with this theory, it is surprising that there is not an accompanying sacrifice in responsivity at low spatial frequencies. Future experiments may yet identify a trade off in retinal processing, or this may be the result of Cx36 shaping OKR responses in the central visual areas.
The role of parallelism in rod pathways
The extent to which the different rod pathways play unique roles is unclear. For example the primary pathway has been presumed to be uniquely sensitive because it has the most synaptic convergence and AII ACs, an integral primary pathway component, have ultra high sensitivity (Pang et al., 2007) . However we found no evidence in the primary pathway deficient Bhlhb4 À/À mice that ultra-high sensitivity RGCs had lost their light responsivity ( Fig. 2Aiv and C) , implying the different rod pathways carry partially redundant sensitivity information. This may be the result of selective sampling, as the array rarely recorded sustained OFF RGCs ($1% of our recorded RGCs) which are primary pathway driven and frequently recorded in other studies (Arman & Sampath, 2012; Hensley, Yang, & Wu, 1993) . Evidence of rod pathways carrying redundant information at dim intensities was also found in scotopic OKRs, which were not shifted in either Cx36 À/À or Bhlhb4 À/À mice. A form of GC sampling bias may also factor into the OKR results, since they may rely on specific subsets of direction selective RGCs (Oyster et al., 1972) . The dependence of OKRs on a restricted subset of GCs is also supported by the small shift in Cx36 +/+ OKRs compared to the other controls. Unlike scotopic OKRs, the rod pathway knockouts showed clear evidence of making unique contributions to mesopic OKR sensitivity and spatiotemporal tuning. Together these findings suggest that rod and cone pathways interact in meaningful ways to create the spatiotemporal dependence of the RGCs that drive OKRs.
